ABSTRACT. The ICR-derived glomerulonephritis (ICGN) mouse is a novel inbred mouse strain with a hereditary nephrotic syndrome, considered to be a good model of human idiopathic nephrotic syndrome and develops proteinuria, hypoproteinemia and anemia. In the present study, we compared the cell kinetics in the kidneys of ICGN mice with age-matched ICR mice as normal controls. The proliferating cells were visualized by 5-bromo-2'-deoxyuridine labeling, and apoptotic cells were determined by terminal deoxynucleotidyl transferase-mediated biotinylated deoxyuridine triphosphate nick end-labeling. Many proliferating epithelial cells of renal tubules, glomerular mesangial cells and tublointerstitial fibroblast-like cells were observed in the kidneys of ICGN mice, but no proliferating cells were seen in the kidneys of ICR mice. Apoptotic cells had round nuclei, and were observed only in the tubulointerstitium in the kidneys of ICGN mice but not in that of controls. The proliferation of renal tubular epithelial cells may represent a compensatory response, and that of mesangial and fibroblast-like cells may play a pathogenic role in nephrotic syndrome. Apoptosis in tubulointerstitial cells with round nuclei may have been erythropoietin-producing cells, and probably caused anemia. KEY WORDS: apoptotic cell, hereditary nephrotic mouse (ICGN), kidney, proliferating cell.
The ICR-derived glomerulonephritis (ICGN) mouse is a novel inbred mouse strain with a hereditary nephrotic syndrome of unknown etiology, and considered to be a good model of human idiopathic nephrotic syndrome. ICGN mice show proteinuria at a young age, later develop hypoproteinemia, hyperlipemia and anemia, and approximately 40% of them fall into severe systemic edema [17] [18] [19] [20] [21] [22] . Our previous studies [28, 29] showed that many kinds of extracellular matrix (ECM) components, both basement membrane and interstitial components, abnormally accumulated in glomeruli and tubulointerstitium of ICGN mouse kidneys. We also reported that the progression of fibrotic degeneration in ICGN mouse kidneys may be caused by overproduction of ECM components, inhibition of ECM breakdown, and decreased activities of matrix metalloproteinases [30] . However, the cell kinetics about which types of cells proliferate and/or die in ICGN mouse kidneys have not been investigated. To understand the pathogenic mechanism of nephrotic and fibrogenic degeneration in the kidneys of ICGN mice, it is essential to clarify the timedependent changes in the cell kinetics of their kidneys. In the present study, we compared the cell kinetics in the kidneys of ICGN mice with age-matched ICR mice as normal controls. The proliferating cells were visualized by 5-bromo-2'-deoxyuridine (BrdU) labeling, and apoptotic cells were histochemically determined by terminal deoxynucleotidyl transferase (TdT)-mediated biotinylated deoxyuridine triphosphate nick end-labeling (TUNEL).
MATERIALS AND METHODS

Animals and tissue preparation:
Nephrotic mice (ICGN strain) were prepared by mating between homozygous males (nep/nep) and heterozygous females (nep/-) at the laboratory of the National Institute of Infectious Diseases (NIID, Tokyo, Japan). Mice were obtained as homozygous female ICGN mice from a specific pathogen-free colony of NIID at 10, 20 and 30 weeks of age, and age-and sexmatched ICR mice were purchased from Clea Japan (Tokyo, Japan) as materials. All animals were housed in autoclaved metal cages and were given standard diet (CM; Oriental Yeast, Tokyo, Japan) and tap water ad libitum in an air-conditioned room (23 ± 1°C) under controlled lighting conditions (12 hr light/12 hr dark). They received humane care as outlined in the "Guide for the Care and Use of Laboratory Animals" (Kyoto University Animal Care Committee according to NIH No. 86-23; revised 1999). For analyses of clinical biochemistry, urine samples were collected during the 24 hr before sacrifice (24-hr urine samples). At 2 hr before sacrifice, all mice were intraperitoneally administered BrdU (100 mg/kg body weight; Sigma Aldrich Chemical, St. Louis, MO, U.S.A.). Blood samples were obtained from the cervical vein under ether anesthesia. The animals were sacrificed under deep ether anesthesia, and the kidneys were rapidly removed. One kidney was immediately fixed in 10% neutral-buffered formalin at pH 7.4 for conventional histopathological evaluation and histochemical analyses, while the other was put on filter paper, mounted in OCT compound (Ames Co., Elkhart, Ind., U.S.A.), and rapidly frozen in dry ice-cooled isopentane for histochemical determination of total and type I collagens.
Clinical biochemistry:
To evaluate the nephrotic state and loss of renal function, blood and 24-hr urine samples were examined on the basis of the following biochemical parameters. Serum and urinary albumin (sAlb and uAlb, respectively), serum creatinine (sCr), blood urea nitrogen (BUN) and total cholesterol (sTC) levels were measured by the use of an automatic analyzer (Fuji Dri-Chem 3500V; Fuji Film Co., Tokyo, Japan). All procedures were performed according to the manufacturers' protocols.
Histopathology: After formalin fixation, the kidney samples were dehydrated through a graded ethanol series and embedded in Histosec (Merck Co., Darmstadt, Germany). Sections were cut at 4 µm, mounted on glass slides precoated with 3-aminopropyltriethoxysilane (Sigma Aldrich), deparaffinized with xylene, and rehydrated through a graded ethanol series. For conventional histopathological evaluation, some of the sections were stained with hematoxylin and eosin according to the standard method. The extent of glomerulosclerosis was expressed as the degree of ECM deposition, which was assessed on sections stained with Sirius red solution (saturated picric acid in distilled water containing 0.1% Sirius red F3B; BDH Chemicals, Poole, UK) [11, 12] . Sirius red staining detects interstitial collagens. All slides were mounted with Entellan (Merck) and examined by light microscopy (at least 3 sections per mouse). In each kidney specimen, approximately 100 glomeruli were selected at random and evaluated by light microscopy about the mesangial expansion in the glomeruli scored according to the extent of the sclerotic lesion in the glomerulus, the morphological changes in the glomeruli (capillary aneurysm and hypercellularity), and tubular (cystic tubular dilation, epithelial cellular atrophy, and intraluminal cast formation) and tubulointerstitial (tubulointerstitial expansion and mononuclear cell filtration around arterioles) lesions [11, 12] .
Histochemical quantification of total and type I collagens: The degree of ECM deposition in kidney sections is a good indicator of glomerular sclerosis. Total and type I collagen levels in each renal cortex section were measured by microquantitative methods [11, 12] . Briefly, frozen sections were prepared at 5 µm with cryostat (Jung CM1500; Leica, Heidelberg, Germany), mounted on glass slides and fixed with cold acetone (-80°C) for 5 min. The renal medulla of each fixed section was removed under a surgical dissecting microscope. Then, renal cortex sections were incubated with rabbit anti-mouse type I collagen antibody (LSL, Tokyo, Japan) for 12 hr at 4°C, and incubated with horseradish-peroxidase conjugated goat anti-rabbit IgG antibody (American Qualex, La Mirada, CA., U.S.A.) for 1 hr at 25°C. Chromogenic substrate solution (30 mM phenol, 3 mM 4-aminoantipyrine and 2 mM H 2 O 2 in 50 mM TrisHCl, pH 7.2) was applied to each section to determine the optical density of the solution at 450 nm with a spectrophotometer (Ultrospec 3000, Pharmacia Biotech, Uppsala, Sweden) at 10 min after application. Standard curves for measurement of type I collagen in the renal cortex sections were prepared as previously described [11, 12] to calculate the type I collagen content in each section. Then, total protein and total collagen levels were measured in each section colorimetrically [11] .
Histochemical analyses for proliferating and apoptotic cells: To detect proliferating cells histochemically, the sections were preincubated with 2N HCl for 50 min at 37°C, incubated with 20 µg/ml proteinase-K (Sigma) in phosphate buffered saline (PBS, pH 7.4) for 5 min at room temperature (RT: 22-25°C), and immersed in 2% H 2 O 2 in PBS to inhibit endogenous peroxidase activity. After treatment with the blocking reagent (Biomeda Corp., Foster, CA , U.S.A.), the sections were preincubated with normal horse serum (1/100 dilution with PBS containing 5% fetal calf serum; Gibco BRL, Grand Island, NY, USA, and 50 mg/ml skimmed milk) to inhibit nonspecific antibody reaction. After washing with PBS containing 0.02% Tween 20, they were incubated with mouse anti-BrdU monoclonal antibody (1/500 dilution with PBS; Sigma) for 18 hr at 4°C, washed with PBS, and incubated with biotin-conjugated horse antimouse IgG antibody (1/200 dilution; Vector Lab., Burlingame, CA, U.S.A.) for 30 min at RT. After 3 washes with PBS containing 0.02% Tween 20 (PBS-T) they were incubated with ABC solution (Vector Lab.) for 1 hr, washed with PBS-T, and incubated with 0.05% 3,3'-diaminobenzidine and 0.002% H 2 O 2 in 0.05 M Tris-HCl, pH 7.2, for 1 min. After washing with distilled water, they were counterstained with hematoxylin, washed with distilled water, dehydrated and mounted with Entellan (Merck). As negative controls, sections incubated without anti-BrdU antibody were prepared in each experimental run.
Adjacent sections from each specimen were stained by the TUNEL method using a commercial kit (Apop Tag; Intergen Company, Manhattanville, NY, U.S.A.) as described previously [13, 16] to allow visualization of the apoptotic cells. Briefly, the sections were incubated with 20 µg/ml proteinase-K in PBS for 5 min at RT and immersed in 3% H 2 O 2 in PBS for 5 min to inhibit endogenous peroxidase activity. They were incubated with TdT solution containing 45 µM ddATP and 5 µM digoxigenin (DIG)-ddUTP for 1 hr at 37°C, and immersed in double strength salt of sodium citrate buffer to stop the labeling reaction. The sections were incubated with peroxidase-labeled anti-DIG antibody solution for 30 min at RT, reacted with 0.05% 3,3'-diaminobenzidine and 0.002% H 2 O 2 in 0.05 M Tris-HCl, pH 7.2, for 1 min at RT, counterstained with methyl-green, and mounted with Entellan. In each experimental run, sections incubated without either TdT or DIG-ddUTP were used as negative controls. For positive controls, the tissue sections were treated with DNase I (1 µg/ml; Sigma), 140 mM sodium cacodylate, 4 mM MgCl 2 and 0.1 mM dithiothreitol in 30 mM Tris-HCl, pH. 7.2, for 10 min at RT before exposure to TdT. Paraffin sections prepared from young adult rat testes were used as physiological positive controls [16] .
The frequencies of proliferating (BrdU-positive) cells and apoptotic (TUNEL-positive) cells were determined as previously reported [16] . Briefly, at least 3 sections were used for morphometrical analysis in each experiment. Renal collagen levels and histopathology: Total and type I collagen levels in renal cortex area are assessed by a microquantification method and shown in Table 1 . When compared with age-matched ICR mice, 30-week old ICGN mice showed increases of 1.75-fold and 1.99-fold in total collagen level and in type I collagen level, respectively, indicating that fibrotic degeneration occurred in the renal cortex of ICGN mice.
Histopathological examination revealed that most ICR mice had kidneys with normal glomeruli (more than 96%) ( Table 2, Fig. 1A) . In 30-week-old ICGN mice, kidneys exhibited moderate expansion of mesangial matrix (51.3 ± 5.1 and 20.0 ± 4.4% of glomeruli with expansion of mesangial areas and with capillary aneurysm, respectively), but showed no proliferation of mesangial cells. They also exhibited expansion of the mesangial areas with an apparent increase in the mesangial matrix, appearance of cysts, and extension of renal tubules (Fig. 1B) . Moreover, when compared with age-matched ICR mice (Fig. 1C) , they showed progressed fibrotic degeneration in the glomeruli (Fig. 1D) . Thus, glomerulonephritic and glomerular-fibrotic degeneration became severe only in ICGN mice, and progressed in an age-dependent manner in these animals. (Fig. 2B, C and D) . BrdU-positive tubular epithelial cells were located in expanding proximal tubules, the end part of distal tubules and joint part of collecting tubules. Apoptotic cells had crescent-shaped or large round nuclei, and were observed only in the tubulointerstitium in the kidney sections of ICGN mice (Fig. 3B, C and D) . TUNEL-positive tubulointerstitial cells were divided into 2 cell types on the basis of their shape of nucleus. The cells with crescent-shaped nuclei may have been interstitial fibroblasts. The other cells with large round nuclei were sporadically located in the interstitial space of renal tubules and considered to be erythropoietin (EPO)-producing cells [8, 14] . The densities of proliferating cells and apoptotic cells in the kidney sections of ICR and ICGN mice were shown in Fig. 4A and B, respectively. As described above, no proliferating or apoptotic cells were detected in the kidneys of ICR mice. At the early stage, time-dependent increases in proliferating and apoptotic cell densities were seen in the kidneys of ICGN mice.
Immunohistochemical analysis to identify proliferating and apoptotic cells:
DISCUSSION
Cell proliferation and apoptosis occur at appropriate rates for maintenance of the cellular kinetics in all organs. Disturbance of the balance of cell proliferation and apoptosis, e.g. in the case of malignancy, results in an inability to maintain tissue homeostasis [1, 7] . Mitotic activity is widely utilized as an index for prediction of prognosis; high replication with low cell death rate ensures rapid tumor growth, while low replication with high cell death rate indicates slow growth or regression [9] . Thus, analysis of the cellular kinetics will produce important information enabling researchers to better understand the causes of disease about what is occurring in the tissues. The immunohistochemical technique using an antibody to recognize BrdU, a thymidine analogue, is a conventional method used to detect cell proliferation [5, 24, 32] . BrdU is incorporated into the cells only during the S phase, i.e. during DNA synthesis. TUNEL is a powerful method to detect cells undergoing apoptosis [4] . These two immunohistochemical techniques are appropriate to clarify the kinetics in kidneys of ICGN mice.
The kidney is not an active organ, showing low rates of cell turnover [6, 32] . However, the kidney has a backup or preparatory function. Previous studies on the compensatory renal growth focused mostly on samples removed by contralateral nephrectomy or partial ablation. Following contralateral nephrectomy, the extant kidney increases its mass by approximately 50% without an increase in the nephron number [15, 31] . High levels of the cell proliferation and apoptosis were observed in the kidneys of ICGN mice, but not in those of control ICR mice. The localization of BrdUpositive cells was markedly characteristic in the ICGN mice, and observed in epithelial cells of renal tubules, mesangial cells in damaged glomeruli, and tubulointerstitial fibroblast-like cells. The tubulointerstitium is the only place where both cell proliferation and apoptosis occur actively. Large numbers of fibroblast-like cells were seen in the tubulointerstitium. The active proliferation of fibroblast-like cells is considered to be related to the accumulation of tubulointerstitial ECM [2, 3, 10] . On the other hand, the epithelial cells in the renal tubules proliferate without cell loss. These proliferating epithelial cells were detected in the expanding or expanded proximal tubules, and collectively in the regions between the distal convoluted tubules and the collecting tubules. Although their physiological function is unknown, renal growth following contralateral nephrectomy has been reported in the remaining glomeruli, mesangial cells and tubules [23] . The proximal tubule is especially conspicuous for its high rates of cell proliferation, while the distal tubule and loop of Henle show markedly lower rates of cell growth [15] . Moreover, levels of transporters and metabolically important components such as Na-K-ATPase are also increased in association with renal growth [25] . Thus, the growth of the tubular epithelium is considered to be linked to the compensatory augmentation of metabolic and transport functions. Their collective proliferation in sites between the distal convoluted tubules and the collecting tubules is thought to represent compensatory renal growth in the kidneys of ICGN mice. Our recent preliminary study showed that ICGN mice develop severe anemia possibly because of the progress of their renal abnormality. This anemia is due to the lack of the hormone erythropoietin, which induces the production of red blood cells in the bone marrow and is mainly produced in the kidneys. Recent studies demonstrated that peritubular cells are renal erythropoietin-producing cells. Severe anemia in the ICGN mice is related to the regression of erythropoietin-producing cells [8, 14, 26, 27] . In the renal tubulointestitium of the ICGN mice, unknown cells were observed sporadically with larger rounded nuclei than the fibroblast-like cells. This kind of cells undergoing apoptosis were similar to the renal erythropoietin-producing cells detected by in situ hybridization for erythropoietin mRNA [8, 14] , and could be identified as erythropoietin-producing cells.
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